Pearson's correlations were performed between tau and FDG standardized uptake value ratios, gray matter MRI-volumes and white matter tract fractional anisotropy. Sparse canonical correlation analysis was applied to identify multivariate relationships between the same quantities.
compared with typical AD (Galton et al., 2000; Madhavan et al., 2013; Whitwell et al., 2007) , and instead show patterns of neurodegeneration and tau uptake affecting the cortex , particularly the temporal, parietal and occipital lobes (Dronse et al., 2017; Nasrallah et al., 2018; Ossenkoppele et al., 2016; Tetzloff et al., 2018; Whitwell et al., 2011; Xia et al., 2017) . PET, and DTI, allow for an in vivo investigation of the relationships between atrophy, protein deposition, glucose hypometabolism, and white matter disruption at the regional-and voxel-level. This knowledge is essential to understand the causes of neurodegeneration and inform new treatments tailored to address the pathophysiology of the disease. Studies have suggested that the regional pattern of Aβ deposition is consistent across clinical phenotypes of AD and is not related to neurodegeneration (Bischof et al., 2016; Iaccarino et al., 2018; La Joie et al., 2012; Ossenkoppele et al., 2015 Ossenkoppele et al., , 2016 Rabinovici et al., 2008) , while tau topographically matches gray matter atrophy and glucose hypometabolism and can therefore be interpreted as the likely driving force behind neurodegeneration (Dronse et al., 2017; Ossenkoppele et al., 2016; Whitwell et al., 2018; Xia et al., 2017) . Additionally, it has been observed that AD pathological proteins may spread along functional brain networks, with strongly connected regions displaying a higher tau burden (Cope et al., 2018; Hoenig et al., 2018; Jones et al., 2017) and amyloid being a partial mediator between functional network failure and tau deposition (Jones et al., 2017) . The majority of these studies have assessed the spectrum of AD clinical presentations, including both typical and atypical variants. However, it has become increasingly clear that pathophysiological relationships in atypical AD likely differ from typical AD, with other comorbidities and pathologies contributing to the clinical phenotype in late-onset typical AD. We have previously demonstrated that the topographic relationship between tau uptake on [ 18 F]AV-1451 PET and both atrophy and hypometabolism is stronger in younger AD patients and in patients with atypical clinical presentations . However, little is known about regional relationships between the different pathophysiological aspects of the disease in atypical AD. Furthermore, white matter tract degeneration has been observed in atypical AD (Caso et al., 2015; Galantucci et al., 2011; Madhavan et al., 2016; Mahoney et al., 2013; Migliaccio et al., 2012) , but how its regional patterns relate to tau deposition and markers of neurodegeneration in atypical AD has not been investigated. Understanding these relationships may help shed light on the underlying mechanisms of white matter damage in atypical AD.
Correlation maps offer an easily interpretable way to observe how one disease process relates to another, both locally and distantly.
However, univariate analysis methods present some limitations, such as the considerable number of multiple comparisons necessary to directly assess such correlations and the high computational cost (Avants et al., 2014) . Multivariate methods can be implemented to overcome such limitations in high dimensional datasets. Sparse canonical correlation analysis (SCCA) is an unsupervised multivariate method that estimates the linear relationship between two set of variables by projecting them onto dimensions where they are maximally correlated to each other (Witten, Tibshirani, & Hastie, 2009 ). In the projection onto the canonical dimensions, each variable is assigned a coefficient called canonical weight. Unlike the classic canonical correlation analysis (Hotelling, 1936) , the sparse version limits the number of variables that can contribute to the canonical dimensions, that is, to the maximized correlation, and it is therefore well suited when the number of such variables is large and possibly larger than the number patients. SCCA has been implemented in neuroimaging to compute spatially disjoint multivariate associations (Adams, Lockhart, Li, & Jagust, 2018; Avants, Cook, Ungar, Gee, & Grossman, 2010; Avants et al., 2014) , identifying mutually predictive anatomical regions between different modalities. In addition to combining univariate and multivariate techniques, combining regions-of-interest (ROI)-and voxel-level analyses offers a wider perspective for characterizing the associations between multimodal neuroimaging biomarkers (Wirth et al., 2018) .
We aimed to describe cross-sectional regional relationships between tau-PET uptake, gray matter atrophy, glucose hypometabolism, and white matter tract degeneration (measured using fractional anisotropy [FA] ) in a cohort of 40 atypical AD patients, using complementary univariate and multivariate techniques, at the regional-and voxel-level. We hypothesized that tau would be the driving factor for local measures of neurodegeneration, that is, hypometabolism and atrophy, and therefore we expected strong local associations among these quantities. In addition, we expected to highlight associations between degeneration of white matter tracts that are connected to the regions of the brain most involved in the disease. We did not investigate spatial relationships involving Aβ-PET uptake, since the population of patients we analyzed was at an advanced stage of the disease and therefore the already widespread amyloid was unlikely to reveal spatial association with the other imaging modalities. Indeed, other studies already highlighted the absence of regional associations between Aβ deposition and neurodegeneration (Iaccarino et al., 2018; Ossenkoppele et al., 2015 Ossenkoppele et al., , 2016 or even a mild opposite trend between the two (Bischof et al., 2016) .
| METHODS

| Participants
Patients were recruited from the Mayo Clinic Department of Neurology into an NIH-funded study assessing atypical AD (PI Whitwell). We recruited patients meeting clinical criteria for posterior cortical atrophy (PCA) (Crutch et al., 2012) and for the logopenic variant of primary progressive aphasia (lvPPA) . All patients underwent structural MRI, DTI, tau-PET, and Aβ-PET. We selected patients (n = 40) with Aβ deposition on Aβ-PET (n = 20 diagnosed with PCA, n = 20 diagnosed with lvPPA). Among these patients, 31 also underwent FDG-PET. All patients underwent a comprehensive neurological evaluation by a Behavioral Neurologist (KAJ or JGR), details of which can be found in a previous study (Tetzloff et al., 2018) . The demographic and clinical features of the cohort are shown in Table 1 . The study was approved by the Mayo Clinic IRB, and all patients consented to participate in this study.
| Image acquisition
All PET scans were acquired using a PET/CT scanner (GE Healthcare, Milwaukee, Wisconsin) 
| Image processing
All PET images were registered to the patients' MPRAGE using 6 degrees-of-freedom rigid body registration. Normalization parameters were computed between each MPRAGE and the Mayo Clinic Adult Lifespan Template (MCALT) (https://www.nitrc.org/projects/ mcalt/) using ANTs (Avants, Epstein, Grossman, & Gee, 2008 Table 2 . A global Aβ-SUVR was generated for each patient in the study and a cut-point of 1.42 was used to establish Aβ positivity . PET and MR images of each subject were subsequently spatially normalized to the MCALT template and blurred with a 6 and 8 mm full width at half maximum kernel, respectively, for the voxel-based analyses.
The DTI-FA images were processed as described in a previous study (Schwarz et al., 2014) . Briefly, DTI-FA images were normalized to a study-specific template using ANTs tools (Avants, Yushkevich, et al., 2010) . ROI values were computed using the Johns Hopkins University (JHU) single-subject "Eve" DTI Atlas (Oishi et al., 2008) , registered to the study-specific FA template using ANTs. The median DTI-FA scalar values within 49 left and right white matter tract ROIs were measured. (Avants, Cook, et al., 2010) . Briefly, we randomly permuted 1,000 times one of the two input datasets so that, for several pairs, the data did not come from the same subject. We then recomputed all the correlations for all the permuted datasets and calculated a corrected p-value as the ratio between the number of times the correlation coefficient obtained using the permuted datasets was higher than the one obtained using the original datasets and the number of permutations computed. If the corrected p-value was greater than .05, the correlation was not considered significant. The permutation approach is less strict than the classic Bonferroni method. However, it was appropriate because the Bonferroni's assumption of independence between statistical tests does not hold true for correlations between ROIs that are spatially close to each other. The statistical analyses were performed in Matlab2018a (The Mathworks, Inc., Natick, MA).
| Multivariate ROI analysis
SCCA was applied using the penalized multivariate analysis (PMA)
R package (Witten et al., 2009 ) to investigate multivariate relationships between all the combinations of modalities (six possible pairs). In each analysis, a lasso penalty of 0.3 for PET and MRI data and 0.4 for DTI data was assigned to achieve the desired level of sparsity (Adams et al., 2018) , that is, to have SCCA selecting sets of regions of sensible sizes. The same permutation approach that was used for the univariate analyses was applied to assess the significance of the canonical dimensions (Avants, Cook, et al., 2010) . To display the results, we color-coded the MCALT atlas, assigning a color to the voxels inside the ROIs that were associated to a nonzero canonical weight.
| Voxel-level multimodal analysis
In order to complement the local correlations in the ROI-based analyses, images from tau-PET, FDG-PET, and MRI (gray matter segmentations) were compared voxel-wise using VoxelStats (Mathotaarachchi et al., 2016) 
| Multimodal analyses
In the following sections, we present the results from the multimodal analyses conducted on the whole cohort of patients. Only partial
Pearson's correlations that survived the permutation test are shown 
| Tau multimodal relationships
Tau-SUVR showed strong negative regional relationships with both FDG-SUVR and MRI-volume (i.e., increased tau was associated with decreased metabolism and volume) (Figure 2a,b) . The strongest associations between tau deposition and FDG metabolism were observed between increased tau in the occipital lobes and decreased metabo- The SCCA performed on tau-SUVR and DTI-FA did not survive the permutation test. While the associations between tau-SUVR and DTI-FA in the PCA patients were very similar to the ones found for the whole cohort (Supporting Information Figure S1c ), the lvPPA patients showed some differences, with more negative associations between frontal tau and white matter tracts that are located in the frontal and temporal lobes (Supporting Information Figure S2c 
| Neurodegeneration multimodal relationships
Regional associations between FDG-SUVR and MRI-volume were strong ( Figure 5a ) and supported by SCCA (Figure 6a Figure S3a ), while the distant relationship between frontal hypometabolism and widespread atrophy was present in both groups, although more weakly in lvPPA (Supporting Information Figure S4a ). PET uptake) has a close relationship to neurodegeneration and therefore it is likely a crucial player in determining regional patterns of atrophy and, particularly, hypometabolism. We also showed that damage particularly high locally, that is, within a lobe, as another study observed in a cohort of AD patients (Iaccarino et al., 2018) . Specifically, we found strong correlations between tau deposition and both hypometabolism and atrophy in the occipital lobes, as well as between tau deposition and hypometabolism in the frontal lobes across the atypical AD cohort. This finding is in agreement with the topology of neurodegeneration in atypical AD, where both the frontal and occipital lobes can be affected Madhavan et al., 2013; Singh et al., 2015; Tang-Wai et al., 2004; Whitwell et al., 2007 Whitwell et al., , 2013 . In general, we found that tau tracer uptake was associated more strongly with hypometabolism than with atrophy, as we observed in our previous study . In addition, while the strongest associations between tau and hypometabolism were local, we observed more diffuse and distant relationships between tau and atrophy, with temporoparietal atrophy correlating with tau deposition in the frontoparietal lobes. This regional disconnection may support the notion that MRI-atrophy occurs further in time from the tau deposition, compared with hypometabolism. It could also suggest that tau-PET and FDG-PET are more sensitive indicators of the respective underlying abnormality than atrophy on MRI is, therefore, the correlations were stronger, or that PET scans are methodologically consistent and therefore correlate better with each other . Interestingly, SCCA performed on tau-PET and MRI-volumes and on tau-PET and FDG-PET uptakes selected mostly bilateral or right regions in the first canonical dimension and mostly left regions in the second canonical dimension. This likely reflects the fact that tau uptake and neurodegeneration in atypical AD subjects can be asymmetric (Tetzloff et al., 2018) . In contrast, tau deposition was only mildly related to the degeneration of white matter tracts. Specifically, the presence of tau in the posterior regions of the brain was connected to a reduced fractional anisotropy in a set of tracts that connect to these regions, including the splenium of the corpus callosum, and in tracts that connect posterior regions of the brain to the thalamus (i.e., posterior thalamic radiation and sagittal striatum).
The corpus callosum, cingulum and posterior thalamic radiations have previously been shown to be involved in atypical AD (Caso et al., 2015; Madhavan et al., 2016) , and our findings further suggest that degeneration of these tracts may be related to tau deposition. The relationships between tau and white matter tract degeneration were, however, relatively weak. We also observed a few tracts in which increased tau was associated with less degeneration, suggesting caution in interpreting these relationships. The positive associations between tau and fractional anisotropy could reflect the fact that the internal and external capsule were relatively spared in our atypical AD cohort and remain unaffected as tau uptake increases, although we cannot rule out potential methodological confounds.
Gray matter volumes from MRI revealed strong local associations with FDG-PET uptake in the frontal, parietal and occipital lobes, suggesting that atrophy and hypometabolism are deeply interconnected in AD (Chetelat et al., 2016 ), as we might expect. Distant associations were also present: specifically, frontal hypometabolism was related to temporal, parietal and occipital atrophy, and medial temporal atrophy were analyzed separately, their multimodal associations were similar to those of the whole cohort. However, they were generally weaker, with most SCCA not surviving the permutation test, likely because of the smaller sample sizes. For the associations between tau-SUVR and FDG-SUVR, we observed strong local correlations in both groups, similar to the whole group patterns. However, these analyses suggested that local correlations in the occipital lobe were driven mainly by PCA, while the local correlations in the frontal lobe were driven by lvPPA.
The occipital lobe did show the most striking tau uptake and hypometabolism in PCA in the voxel-based morphometry analysis, as expected, but the frontal lobe was not the most affected region in lvPPA, begging the question of why this region showed the strongest local correlations between tau and hypometabolism. Other multimodal relationships, such as between tau uptake and DTI-FA and between MRI-volume and DTI-FA, were also observed in the frontal lobe in lvPPA. These findings could suggest that we have captured the lvPPA group at a phase in the disease where tau deposition and neurodegeneration is actively occurring in the frontal lobes, perhaps having spread from an earlier focus in the temporoparietal cortex. This hypothesis is, however, difficult to prove without longitudinal data. Generally, the results we obtained in the whole group for multimodal relationships between DTI-FA and the other metrics better mirrored the findings in PCA, with weaker and less focal associations observed in lvPPA. The lvPPA group also showed less striking patterns of white matter degeneration in the voxel-based morphometry maps, as we have previously found in an independent sample (Madhavan et al., 2016) . We could conclude from this that white matter tract degeneration is a more prominent feature of PCA, or involves a more homogeneous set of white matter tracts in PCA, compared with lvPPA. Interestingly, the local multimodal relationships between MRI-volume and FDG-SUVR were strong in the whole cohort but much weaker for the two groups analyzed separately, perhaps because of the smaller sample size or because the range of data is truncated when analyzing the separate, more homogeneous, clinical variants. Although the separate analyses of the two clinical phenotypes are informative, the benefits of merging them into one larger cohort (n = 40) are a better range in the data and increased power, therefore a higher confidence in our conclusions.
Regional associations between PET SUVR and MRI volumes raise the methodological question on the utility and impact of partial volume correction (PVC). In this study, we analyzed the data both with and without two-compartment PVC (Meltzer, Leal, Mayberg, Wagner, & Frost, 1990) , and the results were qualitatively the same.
Because PVC did not affect our main PET findings, we concluded that they were not driven by the presence or absence of atrophy. We decided to show results without PVC in order to keep our PET and MRI analyses relatively methodologically independent of each other and avoid adding unnecessary correlations between these channels of information. Regarding the statistical methods we used, the SCCA produced results that were largely equivalent to the correlation maps.
However, SCCA provided some advantages in terms of interpretability of the results: its multivariate nature allowed looking at relationships between imaging modalities in an overarching way, and its sparsity constraint selected only a compact set of ROIs that significantly impacted those relationships. In addition, the SCCA were less computationally expensive than the univariate analyses. To summarize, SCCA proved to be an effective and efficient methodology to identify the regions of the brain that are associated to each other between modalities. A limitation of the study is that, with a different lasso penalty, we would have obtained potentially different results. In fact, depending on how the sparse parameter is selected, one will either have more distributed or more selective regions (Avants, Cook, et al., 2010) .
Additionally, one could employ different lasso penalties for each SCCA input variable. We adopted this approach only for the analyses that involved DTI, since the number of white matter tracts (49) was smaller than the number of PET and MRI ROIs (92). In the rest of the analyses, we used the same penalty for both PET/MRI input variables for simplicity and consistency. In this study, we adopted a two-view SCCA approach in order to compare the results to those obtained with the univariate technique. However, multi-view SCCA algorithms are available to relate more than two imaging modalities to each other.
For the most part, voxel-wise analyses confirmed the local relationships between modalities. Since the number of ROIs is obviously smaller than the number of voxels, ROI-based analyses were less computationally expensive than VoxelStats analyses, despite including both local and distant statistical tests.
We used cross-sectional analyses to uncover spatial relationships between protein accumulation and neurodegeneration in atypical AD. Although some imaging modalities revealed overlapping patterns (e.g., strong local associations between tau uptake and hypometabolism) that could be interpreted as duplicative information, the abundancy of distant multimodal relationships suggests that the different modalities offer rather complementary information on the complex pathology of atypical AD. According to the current understanding of AD, Aβ deposition begins years, if not decades, before the clinical symptoms of cognitive decline, which are directly caused by neurodegeneration, and tau accumulation happens in between the two (Jack et al., 2013; Quiroz et al., 2018) . Therefore, the natural continuation of this research will be to gather longitudinal data and integrate the current findings with the temporal associations between protein accumulation, atrophy, hypometabolism, and white matter disruption.
In summary, our study elucidated significant spatial pathophysiological relationships between protein deposition (tau), neurodegeneration (hypometabolism, atrophy), and structural connectivity networks Christopher G. Schwarz https://orcid.org/0000-0002-1466-8357
